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ABSTRiFWO recent experiments have provided the ‘Townsend 
theory of the electrical breakdown of gases with a renewed 
vitality. It now appears, as a result of these experiments, 
that the Townsend theory is applicable to uniform field 
breakdown over the entire range of P6 (the product of the 
pressure and the gap length). In the present report, furthe}] 
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SONEKUSONS 

Support ior this mechanism is found in a precise correla- 


jtion of . prebreakdown conduction data with breakdown 
data. In order to establish such a correlation, it is nec- 
essary to assume a functional form for the dependence of 
jthe first Townsend coefficient on the electric field. Itis 
possible to show that the assumption has an approximate 
theoretical validity. 
The ‘Townsend criterion for breakdown is based upon 
a singularity that is found in the equation of current as a 
function of voltage, which conventionally is derived assuming 
that space charges are absent. A more precise investiga- 
tion of this criterion, involving the inclusion of the effect 
of space charge, removes the singularity and gives a 
current that is finite at every point. Beyond a certain 
icurrent, however, the slope of the curve of current versus 
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voltage becomes negative, indicating that the system is incapable of with- RW, Crowe, J.K,. Brace and ¥.G, Thomas 
standing a voltage larger than that at which the negative characteristic 
develops. The breakdown voltage so established will not differ appreci- 


ably from that given by the Townsend equation, in MOSt Cases. ie INTRODUCTION 


At one time, the so-called Townsend-type mechanisms of elec- 
trical breakdown of gases were supposed to be universally applicable to 
sparking in uniform fields. In the nineteen thirties, however, a number 
of experiments were performed that were widely interpreted as demon- 
strating that such mechanisms were applicable only when the product 
P6 was less than about 200 mm Hg x cm, P being the gas pressure and 
® the electrode separation.* For example, the observation of “streamers 
in positive point-to-plane corona 1 was taken to mean that such a phenom- 
enon was also to be anticipated in uniform fields.\¢/ Furthermore, in- | 
accurate experimental results indicated that the currents predicted by 
the Townsend equations were not in accord with reality when P&S was 
greater than about 200 in air; there were also certain erroneous inter- 
pretations of formative time lags. These circumstances led a number 
of workers to postulate so-called ''streamer'' mechanisms for yniform 
field breakdown, culminating in the quantitative theory of Meek. ) | 


In 1951 and 1952, two separate and decisive experiments showed 
that the whole ten-year excursion into streamer theory was unnecessary. | 
One of these(4) showed that the formative time lags observed when the 
product P6§ is large are in agreement with the Townsend. theory (this will 
be discussed in a separate report). The other\*/ involved a study of the 
steady-state current versus 6 at constant field. The Townsend theory 
predicts a certain curvature in the plot of the logarithm of the steady- 
State current against 5 as & increases, this curvature being caused by 
the intercession of a secondary mechanism. Measurements performed 
in 1938\Y/ at large values of P6 had failed to disclose such a curvature, 
and were therefore interpreted as negating the ee hypothesis. 
However, the experiments of Llewellyn Jones et.al. ©) demonstrated the | 
existence of the curvature demanded by the Townsend theory. | ) 


The present work supplies two necessary elements in the com- 
plete framework of the Townsend theory. First, it is demonstrated that 
sparking phenomena measured well above P6 = 200 can be correlated 
precisely with prebreakdown current measurements by the use of a 
Townsend mechanism. Second, the build-up of positive space-charge | 


only as the product P§ is the substance of Paschen's similarity law. 


that has always been assumed to occur either at or beyond een 
shown to be described by a modification of the Townsend equation, whic 
recognizes the presence of space charge and Shows that the pants o 
actually occurs as the voltage approaches the threshold voltage preaic : : 
‘by the Townsend equation, ‘Thus, the Townsend equation must be regarade 
as a very good approximation based upon correct physical hypotheses. o 
Before we enter upon a detailed report of our investigations, however, tne 
Townsend theory will be summarized. | 


The two general processes that characterize a Townsend mechanism, 


as the term is used in this report, are the production of electrons by colli- 
sion ionization throughout the gas and the production ot secondary electrons 
at the cathode by ion or photon bombardment. ‘The first is described by a 
coefficient a, that gives the number of ionizing collisions per centimeter 
made by an electron in 1ts progress through the gas. ‘The re i. 
described by a generalized secondary ionization coefficient o/ G., i uC 
is equal to a linear combination of y (the fraction of ions falling on the ‘ 
-eathode that produces secondary electrons) and B/a, where B is the number 
of photoelectrons produced at the cathode by photons created by an electron 
per centimeter of travel through the gas. With these definitions, the (8) 
steady-state current flowing in a uniform-field gap can be shown to be: 


i=ioexp aS/([1i-@) (exp ad SN i) 
This is the Townsend equation; in its use, w/a is usually assumed to be 
independent of the electric field BE, although a is an increasing function 
of EF. The current thus increases with E toward an unbounded value 


reached when 


4% 


(w fo) (exp a6-l) = 1, ie (2) 


this condition being taken to define implicitly the breakdown (threshold) 
electric field. Because of the dependence of @ on the electric field, these 
equations apply only when space charge is absent. Other secondary 
mechanisms have been considered in the past, out will not be treated here; 
in any event, their effects can be incorporated linearly in w/ Ch» 


il. THE FUNCTIONAL FORM OF THE TOWNSEND @ 


It has been indicated that the dependence of the current on electric 


field is contained in the function a@(E). In order to test the Townsend 2 
mechanism thoroughly, its predictions as to threshold voltage over a wide 
range of P6 must be compared with experiment, and this necessitates a 
knowledge of the functional form of (Ei). 


The first attempt to derive such a result wag that of ‘Townsend (9) 
based on a very simple model: the calculation will be reproduced here . 
because of its simplicity. If the fraction of free-electron paths in the 
gas of length greater than x is exp (-x/A), where A is a mean free path 
independent of energy, then the fraction of paths over which the electron 
attains ionization energy is exp (- é; /eE), where €; is the ionization 
energy. ‘The number of paths per centimeter in this one-dimensional 
model is 1A , so that one may expect @ to have the form 


| Ge(1/h) exp (-€;/AEe), A ecE<< és, 


or 


(a/P) = A exp (-BP/E), — (3) 
Since }is-inversely proportional to P. 


There have been a number of more elaborate studies of this 
problem, starting from the calculation of the energy distribution of the 
electrons In the presence of the electric field, Some are based on the 
a ae of a Maxwellian distribution with a modified electron. temper - 
ature, ) and lead to a result of the form of Eq. (38) fora, in which the 
constant B contains the ionization energy as a factor. 


Smit(11) and Druyvesteyn(12) have studied the distribution in 
energy most thoroughly,solving the Boltzmann equation without any 
assumptions as to the form of the distribution function. The principal 
deficiency of these calculations lies in the assumptions made about the 
various Scattering cross sections, whose energy dependence must be 
known if the calculation is to be really complete. Only in the case of 


the rare gases does the available experimental information come close 
to Satisfying this requirement. 


Nevertheless, it is possible to show from Smit's work that 
certain variations in the energy-dependence of the scattering cross 
Sections do not affect the form of Eq. (3); that is, there is some theoret- 
ical justification for the use of Eq. (3) with experimentally determined 
constants, One can show, however, that the functional form of the 
inelastic scattering cross. section. does influence the way in which the 
ionization energy enters in the constant B. To provide a background 
for the derivation of a and for the Study of the influence of the functional 
form of the cross section, we will summarize here Smit's work on the 
electron energy distribution, upon which our work will be based. 


Amit considers the following processes: 


1, elastic collisions of electrons with atoms; 
29. inelastic collisions of electrons with atoms; 
3. energy exchange with the electric field. 


Because of each of these processes, there is a current of electrons in 
"energy space,'' and the net current is given by: 


1 a. 1 nis 1 nit to yit 
fee (ni-n ey? (nla Mneiece™ (ni-a \eield : ) 


where n' is the number of electrons per second passing the energy é€ | 
toward higher energies, and n'' the number passing toward lower energies. 
The entire current in energy space must vanish in the steady state. 


— 


The contribution of the elastic scattering is worked out on the 
basis of a constant, kinetic-theory mean free path A, and an energy ex- 
change dictated by the relationship of the masses of the colliding bodies. 
Now, even for the rare gases, this assumption is invalidated by the 
observed variation of the so-called Ramsauer Cross section with energy, 
but we shall be able to show that this discrepancy does not materially 

influence the high-energy tail of the distribution if the electric field is 
sufficiently large. This result is essential for our work with molecules, 
since glow electrons will suffer inelastic collisions involving transfer of 
small amounts of energy to molecular vibrations. As Morse has shown, 
the rotation-vibration excitation of diatomic molecules contributes no more 
to the scattering than does the elastic scattering. 


Smitis result for this part of the calculation is: 
AN 2 aN = a / of 3 dw 
t A x renee) moan = wing) oa 
(n'-n les - Se Nein Gr) oa Re eS MOS Tet (>) 


Here W is the probability distribution in energy, m and M are the masses 


of electron and atom, respectively; ¢ is the electron energy; €. is the mean 


molecular kinetic energy; and N is the total number of electrons per unit 
volume. 


The inelastic scattering considered by Smit is the excitation of 
atomic electrons by collision. It is assumed that practically all electrons 
that gain energy past €e (the threshold energy for excitation of atomic 
electrons) make an excitation collision before gaining ¢ * electron volts 
of energy, ¢* being of the order of 1, Since the electron will suffer many 


(13) 


elastic collisions in this interval, the assumption i 
| al, ptionis reasonable. Al 
all the electrons that make excitation collisions will thus suffer a mae 


continuous loss of energy to an energy below e* electron volts, Thus 


we may say: 
C 


iF, foe e/rwmeode, (6 


fo'=n'"), 


inelast — Ae) 


inelast — 


provided that €>e¢*. In this equation, ¢ is the cross section for excita- 
tion (in general, a function of energy which is zero fore<e_), andN_ is 
the number of molecules per unit volume. o 3 


‘Finally, the field terms are introduced with the use of the same 
assumptions regarding mean free path that were used in connection with 
the calculation of the elastic collision terms. ‘The result is: 


(ni-n"').. ig =N 2/m N [ (1/6) e?B? Ae “1/2 W - (1/3)e? EB? re 1/2 (ayz/ae)] 
(7) 


The steady-state condition is then | 
fo ty (dW/de)+G=0, (8) 
where 

Fy = -Fi/2e + 2 (m/M) (1A) 69/2 

F, = (4/8) (m/M) (1/A) é. @3/2 + (1/8) ef may e1/2 , and 

Z gta a 

G at o Wd é 

é 
The quantity G, by assumption, is constant for e*<e<eo - 


The terms containing (m/M) are those arising f : 
} | rom th | 
Scattering. However, provided . gon ee 


(1/6) e* BFA *>> Am/uye* , (9) 


that is, for sufficiently large E/P, they may be ignorec.; Another way 


a was demonstrated by a calculation of W for an idealized system as a 
ee of €, including the influence of elastic scattering and an excitation 
cross section of the form o@=0,(e-€,). The results were almost identical 


to those calculated from Eqs. (11) and (14) below through 
range of interest. ey w throughout the energy 


of phrasing our conclusions is that the vast majority of collisions (those 
not involving electronic excitation) are important only in determining 
the mobility of the electron. Ta 


The differential Eq. (8) is thus vastly simplified; it becomes 
dw/de - (1/246 W+ G/aet!? 20.5 = (1/8) e7B* 2- (10) 


In the range €* < exe. it is directly integrable, since Gis constant. We 
have 


Ws a/2 co, 3 (G,/a) log € | ° (1.1) 
G= — gi/2q Wd & 
€ 


In the range € >€, we differentiate Eq. (10), and neglect 1/4 €? in favor of 
N_G/a: 
a 


4? w/de? -(N, 9/a) W = 9. (12) 


To integrate this equation, we must make some assumption as to the 


functional form of 6. ‘Two choices will be illustrated. Ht G= le = constant, 


then we have 

W = C2 exp (-Ke) » K=NN, oO /a- (13) 
while if 

o = o. ( €- é.)» we have 


Pe ae (14) 


where H,/3 is a Hankel function and = (N_ 6 Ja)r!/3 ( €- €,) . Hither Ed. 


(13) or (14) must be joined to Eq. (1) at ne afd the whole normalized, to 
give a solution for W(¢) over the entire range. It should be noted that 
ionization processes are assumed to occur ata rate slow enough not to 
perturb the distribution calculated with neglect of them. 


To illustrate, let us consider Eq. (13), with which the above oper- — 


ations can be carried out explicitly. At €= é 4 we have 


i eae -1/2 
C, =Cz exp(-K é.) e, + (G./a) log €, + 


wee [Cw exp (-Ke a) =1/2 | 
= E aa 
‘ee (G/a) log (e/e J, e<e, . (15) 
Furthermore, 
Gi 7 1/2 } 
‘ CaNa ft 6 exp (-K 49 dé =(C2Ng €o1/2/x) 5, exp (-K €,,) 
or “e : 


W = Ca exp (-K e,) ea [1 - K & log (e/e)], € <é€—. (16) 


The normalization condition then gives ft 


1/C2 = exp (-Kée) [1/K + (2 €,/8) (14+ 2K €,/3)] , 


so that we have, finally, 


W=([1/K + (2 €,/8) (142K €,/3) }* (e/e 1/2 [1 - K & log (€/€ ,.)] 
ECE Y: 
W=ll/K +(2 ¢,/8) (142 Ke 72) exp [-K( €- eI; e>e 7 (18) 


3 


We may now calculate the Townsend @ for this case; itis 
© 


a = (1/pE) (1/N) dN/dt =V2 | | 
/at =N 27m NH) f we'/24e (19) 
wher is th ‘ 
nere 6; 1S the ionization cross section 23 oe 
distribution decays rapidly enough, a ene a 


co 
a ZN 9/m (N_ /} ee. 
( , /¥E) a, (é,) é. “ Wad é , 
€; | 


f The integral has been extended to €= 0; since W (e), Bq, (16), vanish 
. i much error in normalization should arise from inco : a 
(e) in the range 0< e<e*, | rreciness 


Olga 


a= (1/K)N 27m (N,/BE) 6, (€,) e,1/[1/K +(2¢,/3) (i ake /3]° 


| - em [-K(e --€4)! 
The exponential part is 
ox | Grae se" chs 


if we assume that 6, can be expressed as p@ , where N,@ =.1/A, then.this 1s 


exp [-V dp (é, - €,) fean \o 3 


which differs only slightly from Eq. (3). Note that the quantity © - €, 
i 
appears to the first power. ‘The pre- semponenta. part is not, however, “s0 


simple; it varies either as E or as P a/e or ad 2 combination of the two, 


depending on the magn 


‘tude of E/P. However, this result is not very 
significant considering the inexactness of the normal 


ization precedes 


Let us now consider a model in which & varies linearly with 
in contrast to the above. Equations (11) and (14) 


é, i.e. S=0 (es 6.) 
now describe the course of W, but the normalization must be accomplished 


by numerical methods. We can obtain certain information about a: 
- 27m (N_/HE) 9, (€) o1/8-Cg Ws (2in?/2/2) de 


Since one may employ an asymptotic expansion of the —— function 


when its argument is larger then’ 1, 


Hy /s (ir r) = - ,2/3 exp ( 0) (ar /2) 1/2 (1- es we tacais 


one finally obtains for the exponential variation of @ 
om (2/8) (N, a /a)t/? (ey)? | 
er, if d, = e@, where N, @=1/n the exponential 1s 


exp [ (2p1/2/31/ eE 2) (¢é a 8/31 


ote 1 

ate oe on KB and P is the same as before (if 

he the 3/2- aah mln kar energy of the problem is now ra 

fis tai péseible to ecause the function cannot explicitly be nor og 

of the pre- pee’ about the field- or pressure-d eae 

ME no Rimol d laltactor. Itis clear from the precedi epee 
ple dependence over us entire E/P range is to a peo cc 

xpected., 


It can be shown that 

| , aS one writ itati 

secu ke Y He re ec cross section 
nt of €, - €. advances by intervals Of 1/2, . e. (e. ri 


(e, > «,)° 7 (e,- €,)* rene iu @/? 


Tl. EXPERIMENTAL E 
EXP AL, EVIDENCE FOR THI 
MECHANISM FROM ees oF Bees | 


The function a(E) m 
Eq. 1) i ei aaanalt current, which depends upon i 
ml plicative pone — - bisa also be determined e i. a 
: : own meas | 
according to the Townsend theory. ‘Thus, if we assume (Bq "3) tha 
| ; \ jo ' yp 


a /P = A exp(-BP/E), 
then the Townsend criterion, ( wf& )(expad -1) = 1, leads t 
| = 1, GS tO 

V.=BP8 / (log P8+ log A/K) , 

k. =log [(l+a/a)/(@/e)| . | | (20) 
From | 

measurements of sparks, one obtains B and. the product A/K. Th 
| Li “has, 


in any range j 
ge of E/P in which Eq. (3) applies, one may test the Townsend 


theory by com i | 
paring the : : 
Pe doien data. es roodness of fit to the prebreakdown and to the 


Figure 1 shows the equation 
(a/P) = 7,0 exp (-260 P/E) : (21) 


plotted for ec 
nn] oe yi the measurements of conduction in Ng b 
Mee is anda Equation (20), together with these he 
on of cages : elermalnaton ot (ee oe hen Haier Silas 
Sparking voltage ov : . 
Eq. (21) a g er the whole range of 
) applies. Figure 4 demonstrates the pes a aie! belie 
| ure 


as applied to the data of Ehrenkrantz\16) as well as to our own, which 
F | duplicate those of EAvene almost exactly. The value of w/a so 
NITROGEN obtained, 8.10 x10", is: i | ; 

sae | ig. 1 Comparison ot = | aING BAU T "Haydon, and Llewellyn Jones(®) in the region 40</Bed 

4 POSIN sues experimental ean ; gion 40<H/P<45. 
: O DUTTON,HAYDON, AND LL enaence : eg gs 
: A oe 7Oe ee pn Ree EY | Figures 3 and 4 show a similar ae: of conduction data,(17) and 

foe iirecen. | application of the results to sparking data, Or Eee 
| In view of the results of the theoretical study of Section II, it 


is remarkable that the simple form of kq. (3) suffices for both Ng and 
: | H»,. Itis probably true that the pre-exponential factor is not critically 
tested by the rather limited range of E/P over which the data are taken. 


a/P 
(cm7'mm ') 
e@ 


: be IV. SPACE-CHARGE FORMATION 


The expression for the Townsend current, Bq. (1), is derived 
= | Cais | assuming that the densities of positive and negative charges are suf- 
| d | : ficiently low that the electric field is not distorted. Near threshold, 
: this condition clearly no longer obtains, and.the formation of space charge 
n : | | must be an essential feature of the mechanism of breakdown, rather than 
‘following after'' the spark in some poorly defined way. 


@ 
| 
hin 
eS 


e acer hs Go 20 We will therefore calculate the Townsend current in the case 
: o ee ae | that space charges are no longer negligible. Varney 8) has done a 

ivoursycmi mma’) similar calculation for conduction when (w/a) = 0 (no secondary mech- 
a - anism), and our study is essentially an extension of his. 


In the steady state, the currents In the gap (cathode at origin, 
anode at 8) satisfy 


\2 Woe ale 
io Vi. = 4. (22) 
NITROGEN i = i, +i. = constant. 
e) EHRENKRANT Z (INTERPOLATED ) 

> : x OUR MEASUREMENTS | 
: Ve: Bee ee | Furthermore, they are related to the charge densities n, and n_- 
5 va —Vs* [oe PSTLOGA k LOG PS—0.140 : 
> 6 x 


te 0 be ; 


i ney ; | (23) 
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Fig. 2 Comparison of experimental and calculated : | fs 
dependence of Vg upon ps for nitrogen. 


(VOLTS cm-'mm~') 


9 
HY DROGEN 

| 5 O HALE (EXPERIMENTAL )- 
ait i -126 P/E 
Al | —a/P=2.60¢ 

| 7 

| 

| 6 

| io 

| 4 

| = 

| LB ge 

| © O 

| a 4l / 

11 s) 

| ! 

i 

i 2 

Hf © 

| a | 

| : 

i a) =< 

| O 20 40 60 80 

| | E/P 

1] 


Fig. 3. Comparison of 
experimental and 


; calculated dependence 
of a /P upon E/P 
for hydrogen. 
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Fig. 4 Comparison of experimental and calculated 
dependence of V, upon P6 for hydrogen. 


where jp and, are the magnitudes of the charge mobilities, Finally, 
Nn, and n_ determine the divergence of the electric field: 


¥ HE = 4ye(n, a) (24) 


We will specialize these equations to a situation in which the field is 


directed along the x-axis, and the properties of the system are inde- 
pendent of y and z. | 


Equations (22) lead to the generalized Townsend equation 


5 : xX 
° . 5 / sore 7 
is (= E - (w/a) (om | dic | 2 A . @ dix, (25) 


if the generalized secondary mechanism characterized by ®/a is intro- 


duced. Subsequent operations are facilitated by the introduction of a new 
independent variable, 


ae 
Ue ee Cx 

io) 
du. = @dx, (26) 


Then we have 
(x) =i e¥/ [1- (w/a) (epi-1)] , 
i=/ a dx. 
Equations (23), (24), and a may now be combined to give 


a EdE = 4Tio Su , | 1-(@/e) (exp ti - yy} = -(ex0 1 = exp ua) aun 
“ | (27) 


In arriving at Eq. (27), the electron mobility u_ has been considered to be 
much larger than the ion mobility u,. | 


Equation (27) may now be integrated. The quantitya is assumed 
to be given by Eq. (8). . The result is 


K(1/8) = K (1/€) + (4tio/sw,) [1 - (@/a) (e% - 1)]4 [ue®- e+ 1] , (28) 


Here K"? is the inverse of the K function and Ke K fey, sole The ve= 
strictions on the solution are: F, 


| . | | Z Edx a (E /a, ) du =V; | v = vole | 


ne Jf ee U | 

3 dx =f (1/a) du=65, ~ § =gap Spacing. | 

These restrictions serve to fix K, and U; that is, they are two equations 
relating K, and u that must be solved simultaneously. The two eee | 


are obtained by introducing Eq. (29) into each of the two Eqs. (30). A 
numerical procedure must be used to obtain the required solution Kos Us 
It involves a trial-and-error determination of pairs (Kp, 0) that satisfy 
each of the Eqs. (30), so that this intersection may be determined. All | ih 
the functions of interest, E(x), a(x), n,(x), n(x), ete., are determined | 
by the final solution (Kp, tT). | canes 


Fig. 5 Calculated curve 
of K(z) vs z. | 


K (Z) 


Equation (29) shows clearly the role of space charges ina 
‘Townsend breakdown process... It gives E(x) as essentially equal to Ey 
when | 


ie 1h ow 1 
Ami ‘ Ue =.8 +4 red Ky « 
Spy 1 - (w/a) (e4-1) 


5 , 10 : : j Insertion of physically reasonable numbers shows that in most cases | a 
On | , | the inequality is violated only when the generalized Townsend threshold i 
| : defined by ee | i 


where | | 3 | | : (w/a) (er wl | : : | : 


ii | ¢-F./BP: B= B(0), a For a numerical illustration we have chosen No das i fol- 
/ | f —_ , 9 a A 
5 | 


| t iat 2 ‘ : Fs 
i s= AP(BP)", 4 is approached. Thus, space charges form when threshold is approached. 


-7, ; a lowing conditions: P= 700 mm He, 6=1cm, (@/) = 3,19 x 1G "* (as 
Kz) = (1/2) le /20 — ea/2 2) ’ | | i determined from Eq. 20), B= 260 volts/em x mm Hg, A= 7.0 cm xmm 
-Fi(-z) = flew de | ; 4 He, pw = 3.26 cm?/volt x sec, ip = 6.86 x 10°41 amperes/cm*. In this 
| 1 case, space charge becomes important only when the voltage is a fraction i | 
The function K (2) is plotted in Fig. 5. Then we have for the electric a of one per cent below threshold, showing that the ordinary Townsend | i) 
field: . ¢§ condition for threshold is adequate. However, the behavior of current i 
‘ ae “1 and voltage sheds much light on the mechanism of the spark.. Figures 6 
E = BP cS [Ko + (4m ip/su.4)] [1 - (w/a) (e" : yy [u el e-e +1] Hi (29) 7 | through 9 detail the results of calculations for four voltages near thres- Hl 
i hold. The first three figures show the variation of n if (positive ion 


density), E (electric field), and a (Townsend coefficient) across the gap. | | 
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| %=6.00, V=28.257 KV 
4 2 58.04, V=28.348 KV 

3 G=8.047, V= 28.130 KV 
4 %=8.0495,V=25.781 KV 


X(cm ) 


- Fig. 6 Distribution of positive ions. 


across the spark gap for various 
voltages near threshold. 


| d=8.00, V=26.257 KV 
328.04, V=28.348 KV -4 
U=8.047, V=28.130 KV 
U=8.0495, V=25.781 KV 


a(cm') 


X (em ) 


Fig. 8 Distribution of a across 
the spark gap for various 
voltages near threshold. 
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2 U=8.04, V=28:348 KV 

3 &*8.047, V2 28.130 KV 
4 58.0495, V=25.781 KV 


Xx (em ) 


Fig. 7 Distribution of the electric 
field across the spark gap for 
various voltages near threshold. 


10 20 
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30 


Fig. 9 Variation of the steady state current 
with voltage. | 


otherwise the function tv) is single-valued. This has been shown by 


Note the increasing inhomogeneity, Figure 9 shows the plot of log i VE 
thus derived, and includes the approach to threshold described by the 
ordinary Townsend equation. A fundamental feature of the ier is the 
negative i-V characteristic which develops beyond.iw3 x amps/em?, 


Oe 
illustrating the instability of the system beyond this point. 19) Points 


on the negative characteristic represent states that are, in principle, 
steady states; however, they can be measured only if the external circuit | 
is provided witha means.of limitingthe current to the desired value. That 
is, the resistance of the gap will drop in an uncontrolled way until redis- li 
tribution of the major part of the voltage to the external circuit makes | 
possible a steady discharge. 


The criterion for breakdown appropriate to this situation is that 
the slope of the log i vs V curve become infinite, and not that the current 
itself reach some specified value. That is,-if the external circuit is 
capable of supplying at least the current corresponding to the onset of 
the negative characteristic, the breakdown is not influenced by the ex- 
ternal circuit, but must proceed until the potential drop across the gap 
is essentially zero. 


This runaway property is of course the reason that sparks 
travel in narrow channels. A suitable condition for a spark in Some 
portion of a spark gap brings about the lowering of resistance in that 
region and effectively shorts out the other parts of the gap. 


It is important to mention that such a negative characteristic 
can develop only if a increases with some power of E greater than 1; 


von Engel and Steenbeck. 
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